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Abstract
We report on measurements of the switching current probability both in the thermal and quantum regime on moderately
damped NbN/MgO/NbN Josephson junctions with very low critical current density ( 2A/cm2). We observed three
distinct regimes: below 90 mK the width of the switching distributions is constant within the experimental error, while
from 90 mK to 1.6 K the width increases with temperature, this change of behavior signaling the standard transition
from macroscopic quantum tunneling (MQT) to thermal activation (TA) regime respectively. Above 1.6 K we ﬁnd
eﬀects of anti-correlation between the bath temperature and thermal ﬂuctuations since the width of the histograms
starts to collapse, and indications of a transition to a third regime called Phase Diﬀusion (PD) are evident, such as the
change of the switching distributions symmetry. Experimental data have been analyzed through numerical ﬁtting of the
switching probability and Monte Carlo simulations, and we found a good agreement with theoretical expectations based
on multiple re-trapping processes, which strongly depend on the junction damping. The parameters which completely
characterize the dynamics of such moderately damped Josephson junctions have been also extracted.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes.
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1. Introduction
Advances in the quality of traditional Josephson junctions (JJs) based on Nb and Al technology as
well as the search for high quality junctions of diﬀerent materials constitute an important contribution in
superconducting electronics. Research on superconducting quantum systems with potentials for qubits ap-
plications has developed interest on various complementary aspects of coherence and dissipation. There is
a growing evidence of a moderately damped regime (MDR) in superconducting JJs of various materials[1,
2, 3, 4, 5, 6, 7, 8, 9]. If we use the Q = ωPRC parameter as a measure of dissipation in a junction, where
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Fig. 1. (Color online) a) Cross section of a NbN/MgO/NbN tunnel junction. b) Typical IV characteristic of a 10 μm diameter JJ
measured at 290 mK. The inset shows a measurement of the resistance as function of the temperature of the device.
ωp = (2eIc0/C)1/2 represents the plasma frequency at zero bias current, Ic0 is the junction critical cur-
rent in absence of thermal ﬂuctuations, R and C are the junction resistance and capacitance respectively, a
MDR is present for 1 < Q < 5. This regime is rather distinct from the well-known case of underdamped
systems (Q > 10)[10, 11], and apparently quite common in junctions characterized by low critical cur-
rents. In this work we report on the thermal and quantum behavior of very low critical current density (Jc)
NbN/MgO/NbN JJs. These kinds of JJs are usually characterized by high Jc values of about 10 kA/cm2
and used in superconducting electronic circuits[12, 13]. We show that the NbN junction technology can be
extended to low Jc values of about 3 A/cm2, which are two to four orders of magnitude lower than pre-
viously reported values[14]. In this work, a canonical quantum behavior in a moderately damped junction
is observed along with a crossover temperature between the thermal and quantum regime of about 90 mK.
In addition, we demonstrate the occurrence of a phase diﬀusion (PD) regime which prevails over thermal
activation at temperatures above a threshold T ∗ of about 1.5 K. Experimental results are very close to theo-
retical predictions[5] such to provide a reliable estimation of Q = 2.7.
2. Samples fabrication and characterization
The tunnel junction used in this work consists of a NbN/MgO/NbN trilayer epitaxially grown on a
single-crystal MgO substrate[15]. The NbN base (BE) and counter electrode (CE) are both 200 nm thick
and were deposited using DC magnetron sputtering with a Nb target in a mixture of 5 parts argon and 1
part nitrogen gases[16]. To avoid damaging the surface of the base electrode, the 1.0 nm thick MgO tunnel
barrier was deposited by rf sputtering with a MgO target using a low incident rf-power density. This step
was followed by junction deﬁnition using a reactive ion etch (RIE) followed by the deposition of an MgO
insulating layer patterned by a lift-oﬀ process. Finally a wiring layer was realized by deposition of 350
nm of NbN which was then patterned and deﬁned by RIE. Fig. 1a shows a schematic drawing of the cross
section of an epitaxial NbN/MgO/NbN tunnel junction.
The realized junctions have been tested through measurements of the resistance as function of the temper-
ature R(T) (inset of the ﬁg. 1b) and of the current-voltage characteristics (ﬁg. 1b) and by studying the
behavior in presence of a magnetic ﬁeld. We measured circular junctions with diameters ranging from 2 to
10 μm with critical current density of 2.5 A/cm2. From the magnetic ﬁeld dependence of the critical current
the London penetration depth was λL  190 nm, while the Josephson penetration depth was λJ = 150 μm.
This nominally ensures more uniform currents than in devices of comparable sizes but with larger Jc. In
ﬁg. 2 the RN · A product and the speciﬁc capacitance CS are collected in a tridimensional view for diﬀerent
values of the barrier thickness. It is shown how the RN · A product and the CS scale to, respectively, 175
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Fig. 2. (Color online). Speciﬁc capacitance CS and RN · A product at diﬀerent MgO barrier thickness in a tridimensional view[14]
(black points). On the x − y plane the behavior of the RN · A product (red up triangles) along with a linear ﬁt of the data (black line) is
shown as function of the barrier thickness, while on the y − z plane the behavior of the CS is shown as function of the barrier thickness
(blue down triangles).
KΩ · μm2 and 4 f F/μm2 for nominal barrier thickness of MgO of 1 nm, covering a wide range of junction
parameters.
3. Measurements of switching current distributions
In the framework of the Resistively and Capacitively Shunted Junction (RCSJ) model[17], the supercon-
ducting branch of the junction current-voltage characteristic corresponds to the conﬁnement of the particle
in one well of the washboard potential ΔU(I) = −E j (cos φ + I/Ic0φ), where E j = Ic0/2e is the Joseph-
son energy. The escape from this metastable state corresponds to the appearance of a ﬁnite voltage across
the junction and the particle runs down the washboard potential with a damping Q−1 = (ωpRC)−1. When
ramping the bias current I, the tilt of the energy potential increases and the height ΔU of the energy barrier
between consecutive wells decreases, with ΔU = 0 when I = Ic. Due to eﬀects of thermal ﬂuctuations
and quantum tunneling the junction may switch to the ﬁnite voltage state for values of I < Ic. The relative
weight of these two escape processes depends on the temperature of the system. For kBT  ωp the escape
process is dominated by TA with a rate[18]
ΓT (I) = at
ωp(I)
2π
exp
(
−ΔU(I)
kBT
)
(1)
where at = 4/[(1 + QkBT/1.8ΔU)1/2 + 1]2 is the thermal prefactor. At low enough temperature the escape
is dominated by MQT with a rate[19]
Γq(I) = aq
ωp(I)
2π
exp
[
−7.2 ΔU(I)
ωp(I)
(
1 +
0.87
Q
)]
(2)
where aq = [120π(7.2ΔU/ωp)]1/2. The connection between the total escape rate Γ(I)  ΓT (I) + Γq(I) and
the switching current probability density P(I) is given by:
P(I) =
Γ(I)
dI/dt
exp
[
−
∫ I
0
Γ(I′)
dI′/dt
dI′
]
(3)
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Fig. 3. Switching current probability density at B = 0G at diﬀerent bath temperatures. The inset shows the temperature dependence of
the standard deviation, σ, of the switching distributions for temperatures below 1.6 K. The arrow indicates the crossover temperature
Tcross between MQT and TA regime.
where dI/dt is the sweep rate. To study the escape rates of a NbN/MgO/NbN Josephson junction we
have measured the switching current probability in a He3/He4 Oxford dilution refrigerator with a loaded
base temperature of 20 mK. The junction was biased with a sweep rate dI/dt = 122 μA/s and at least 104
switching events have been recorded using a standard technique[20, 21].
In ﬁg. 3 we show the switching current probability density at diﬀerent temperatures measured in absence
of external magnetic ﬁeld, while in the inset we report the experimental data of the standard deviation σ
of the switching distributions at temperatures below 1.6 K. For temperatures above 90 mK the data follow
a T 2/3 dependence and agree well with the prediction of the TA theory. The saturation of σ for T < 90
mK indicates that the escape is by quantum tunneling. As discussed in [8], we have also measured the
temperature dependence of σ for a reduced critical current by applying an external magnetic ﬁeld. We
obtained a similar temperature dependence as in the case of zero ﬁeld but with a smaller width, which is
a clear indication that the observed saturation at zero ﬁeld is an intrinsic property of the system and is not
due to self-heating or spurious noise in the experimental setup. The magnetic ﬁeld induces a decrease of
ωp and, therefore, of the crossover temperature Tcross =
ωp
2πkB
[(
1 + 14Q2
)1/2 − 12Q
]
consistently with MQT
expectations[10, 11, 22]. Through ﬁts of the switching current probability density both in TA and in MQT
regime we obtained Ic0 = 1.91 ± 0.03 μA, while the capacitance C = 0.3 pF and the plasma frequency
ωp  22 GHz can be obtained on the basis of Tcross and Ic0.
The ﬁrst and second moment of the distribution for the whole temperature dataset and for three diﬀerent
values of magnetic ﬁeld are reported in ﬁg. 4. Above a crossover temperature T ∗, which is modulated by the
external magnetic ﬁeld, the junction enters the PD regime in which retrapping phenomena come into play.
The temperature dependence of the width of the switching distributions (ﬁg. 4b) displays the most striking
eﬀect due to retrapping processes in the PD regime, i.e. the appearance of an anticorrelation between the
bath temperature and the width of the switching distributions, since above the crossover temperature T ∗ the
temperature derivative ofσ(T ) becomes negative. We have studied the dynamics of such moderately damped
JJ through Monte Carlo simulations using a model in which the competition between thermal escape and
multiple retrapping processes is considered[5] and we found a remarkable agreement with the experimental
data, as shown in the bottom frame of ﬁg. 4b. The numerical model we used to simulate the dynamics of the
junction in the PD regime provides an eﬃcient way to estimate the dissipation in moderately damped JJs,
which in our NbN/MgO/NbN JJ is Q = 2.7 ± 0.1[9].
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Fig. 4. (Color online) a) Temperature dependence of the mean current, I, of the switching distributions for B = 0G (squares), B = 3.05G
(circles), and B = 6.09G (triangles). The solid lines are the calculated values of I considering thermal activation and no retrapping.
b) Top frame: temperature dependence of the standard deviation, σ, of the switching distributions for B = 0G (squares), B = 3.05G
(circles), and B = 6.09G (triangles). Bottom frame: Monte Carlo simulation of the data, in which the dynamics of the JJ is studied
through the competition between thermal escape and multiple retrapping processes.
In ﬁg. 4a the mean value of the switching current distributions I (data points) is plotted along with a
calculation of the expected value (solid lines) when eﬀects of retrapping are not considered. In the PD
regime, due to the onset of retrapping events, it is necessary to provide a larger tilt to the energy potential to
allow the system to switch to the running state. Therefore the experimental values of I at higher temperatures
are greater than what predicted just considering TA as it is shown in ﬁg. 4a. Retrapping processes also aﬀect
the symmetry of the switching current distributions. The parameter which is commonly used to measure
the symmetry of a generic distribution is the skewness γ, which is deﬁned as the ratio m3/σ3 where m3
is the third central moment of the distribution. To a symmetric distribution corresponds γ = 0 while an
asymmetric distribution with a tail on the left (right) side has γ < 0 (γ > 0). In MQT and in TA regime
γ  −1, according to Arrenhius law, while in the PD regime as the temperature increases the switching
distributions become more and more symmetric and γ tends toward zero[5, 9].
4. Conclusions
In conclusion, MgO barriers of thickness of about 1.0 nm ensure moderately damped NbN Josephson
junctions with macroscopic quantum behavior at temperatures lower than 90 mK, while at temperatures
above 1.6 K the moderately damped nature of the JJ determines a diﬀusive phase dynamics. The most
striking feature of the diﬀusive phase dynamics is the negative temperature derivative of σ(T ) above a
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threshold T ∗. The combined analysis of these three diﬀerent transport regimes, MQT, TA and PD, enable us
to completely characterize the dynamics of such moderately damped JJs.
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